Studies of extremophilic organisms provide information on the molecular mechanisms of biological adaptation to extreme environments. In this regard, Pyrococcus abyssi is of particular interest, being a hyperthermophilic and barophilic/barotolerant archaeon. This euryarchaebacterium, isolated from a deepsea hydrothermal vent located 2,000 m deep in the North Fiji Basin, was characterized by Erauso et al. (15, 16) . It is a heterotrophic and strictly anaerobic microorganism and belongs to the sulfur-metabolizing group. At atmospheric pressure, it grows at 67 to 102°C, with an optimum at 96°C. Hydrostatic pressure slightly increases the growth rate of P. abyssi as well as its optimal and maximal growth temperatures (16) .
Aspartate transcarbamylase (ATCase) (EC 2.1.3.2) is the first enzyme of the pyrimidine biosynthetic pathway. It catalyzes the carbamylation of the amino group of aspartate by carbamylphosphate with formation of carbamylaspartate and phosphate. ATCase is extensively studied as a model for structure-function relationships in cooperativity and allosteric regulation mechanisms, as well as for the evolution of these mechanisms from prokaryotes to humans. The structure and properties of the Escherichia coli enzyme have been studied in detail (for reviews, see references 3, 10, 26, 32, 40, and 70) .
This dodecameric enzyme (78) is composed of two types of polypeptide chains: the catalytic chains (c) encoded by the pyrB gene (30) and regulatory chains (r) encoded by the pyrI gene (66) . The quaternary structure of this enzyme results from the association of two catalytic c3 subunits (trimers of catalytic chains of 310 amino acids; molecular weight, 34,301) held together through their interactions with three regulatory r2 subunits (dimers of regulatory chains of 152 amino acids; molecular weight, 17,109) (8) . Both types of chains are organized in two domains, the carbamylphosphate and the aspartate binding domains in the case of the catalytic chain and the allosteric and the zinc (Zn) domains in the case of the regulatory chain. The regulatory chain contains a zinc atom coordinated to four cysteine residues clustered near its C terminus (24) . The presence of this cation ensures the proper folding of the domain for its interactions with the catalytic subunits. The catalytic sites are located at the interface between two catalytic chains belonging to the same trimer and involve residues belonging to both chains (36, 44) . These structural features were found in homologous enterobacterial enzymes. It is noteworthy that, so far, it is only in these microorganisms that ATCase comprises regulatory chains (77) .
E. coli ATCase shows cooperativity for the binding of its substrate aspartate, a phenomenon which is explained by the transition from a T state having a low affinity for aspartate to an R state which has a high affinity for this substrate. The crystallographic structures of these two extreme conformations are known with a resolution of 2.5 Å (28, 29, 33, 35, 36) . In the R state, the two catalytic subunits are no longer in close contact. E. coli ATCase is also subject to allosteric regulation. Its activity is synergistically feedback inhibited by the two end products CTP and UTP and is stimulated by ATP. These effectors bind to the same regulatory sites, at a distance of 60 Å from the catalytic sites (28) . Interfaces between the subunits and between the domains of both chains play important roles in these regulatory properties (9, 12, 23, 33) .
ATCases from other eubacterial and eukaryotic organisms are composed either of only catalytic chains, as in Bacillus subtilis (39) and Lycopersicum esculentum (54) , or of catalytic chains associated with other enzymes of the pyrimidine pathway, as in Pseudomonas putida (67) , Saccharomyces cerevisiae and Schizosaccharomyces pombe (41, 69) , or mammals (10, 17, 68) .
The enzymatic properties of several ATCases from extremophiles, including the halophilic archaeon Halobacterium cutirubrum (52) , the halophilic eubacterium Vibrio costicola (1) , and the (hyper)thermophilic eubacteria Thermotoga maritima and Thermus aquaticus (74) , were previously investigated. These enzymes exhibit differences in their regulatory properties.
Recently, the determination of the entire genomic sequence of the archaeon Methanococcus jannaschii (6) revealed the existence of two open reading frames (ORFs) potentially coding for the ATCase catalytic chain (pyrB) and for a regulatory chain (pyrI). These genes are separated on the chromosome.
A particularity of the ATCase reaction in thermophilic and hyperthermophilic organisms is related to the high thermolability of one of its substrates, carbamylphosphate (2, 75) , whose decomposition produces cyanate, a toxic, indiscriminate carbamylating agent (37) .
The catalytic and regulatory properties of P. abyssi ATCase (strain GE5) were investigated previously (58, 59) . This enzyme shows apparent cooperativity for both substrates. It is subject to allosteric regulation. At 37°C, it is feedback inhibited by both CTP and UTP and activated by ATP, although at high temperatures only the CTP effect is observed. P. abyssi ATCase is extremely stable at high temperatures and pressures. The purification of this enzyme led to alterations of its cooperative and allosteric properties, suggesting that in P. abyssi, the ATCase is stabilized by association with another cellular component (59) .
In the present work, the P. abyssi gene coding for ATCase was cloned and expressed in E. coli. Sequencing showed the existence of two genes coding for a catalytic chain and a regulatory chain. The deduced primary structures were analyzed in comparison with those of homologous enzymes, and modeling was used for a more detailed comparison with the E. coli protein. The properties of the enzyme produced in E. coli (regulation, thermostability, and barostability) are partially altered relative to those of the enzyme in its native host.
MATERIALS AND METHODS
Chemicals, enzymes, and DNA molecular weight markers. Nucleotides were purchased from Sigma Chemical Co.; Tris-base was from Prolabo; 2-mercaptoethanol was from Kodak; [U- 14 C]aspartate (300 mCi mmol Ϫ1 ; 11.1 GBq mmol-1) was from CEA-Saclay; and restriction enzymes and DNA molecular weight marker III were from Boehringer Mannheim. TBE buffer used for the cell extracts contains 50 mM Tris HCl (pH 8), 1 mM 2-mercaptoethanol, and 0.1 mM EDTA.
Bacterial strains. P. abyssi GE5 was described by Erauso et al. (16 (53) .
Growth media. The GE5 strain of P. abyssi was grown anaerobically on an enriched marine mineral medium containing cysteine as a sulfur source (16) . The transgenic E. coli cells were grown either on 853 broth (22) or on 132 minimal mineral medium (22) , supplemented with 0.5% glucose, 0.0001% thiamine, 0.005% proline, and 50 g of kanamycin per ml or 100 g of ampicillin per ml.
Vectors. Lambda ZAP Express vector previously restricted with BamHI, pBK-CMV (Stratagene), and Bluescript II KS ϩ (Stratagene) were used as vectors. Chromosomal DNA preparation. The extraction and purification of P. abyssi chromosomal DNA were performed by using a CsCl gradient, as described previously (7) .
Library construction. A P. abyssi genomic library was constructed by using the predigested ZAP Express BamHI/CIAP cloning system (Stratagene). P. abyssi chromosomal DNA (40 g) was partially digested with Sau3A (7.5 U) for 5, 10, 15, and 20 min at room temperature. Two 5-g samples of this DNA digest were each ligated with 1 g of BamHI-predigested Lambda ZAP Express vector by incubation for 16 h at 16°C in the presence of 1 mM ATP, with 2 U of T4 ligase in final volumes of 5 and 20 l. Packaging and amplification were performed as specified by Stratagene. The titer of the library was 10 10 PFU/ml. In vivo excision of pBK-CMV phagemids and selection of pyrB-complementing clones. Helper phage-mediated excision was performed by coinfecting 200 l of XL1-Blue MRFЈ cells (grown to an optical density at 600 nm [OD 600 ] of 0.3 and resuspended in 10 mM MgSO 4 at an OD 600 of 5.0) with 2.5 ϫ 10 9 PFU of the Lambda ZAP library and 10 8 PFU of ExAssist helper phage (Stratagene). The excised phagemids were used immediately to infect 600 l of JM103pyrB Ϫ cells (OD 600 ϭ 0.5), and the cells were plated on appropriately supplemented minimal medium for complementation screening (80) .
Southern hybridization. Southern hybridization was performed at 70°C, using random-primed probe labeling and hybridization conditions specified for the DIG labeling and detection system (Boehringer Mannheim).
Sequencing. Nucleotide sequencing was performed by the dideoxy chain termination method (65) in both directions with two universal primers. Overlapping clones were produced by exonuclease III (Exo III) partial digestion (25) . Deletions were generated from KpnI/EcoRI and BstXI/XbaI double restrictions.
Enzymatic tests. ATCase activity was measured as described previously (57) . Samples of dialyzed cell extracts were incubated at 37°C for 10 min in the presence of 20 mM aspartate, 5 mM carbamylphosphate, and 50 mM Tris HCl, pH 8. The ATCase activity of these extracts was defined as units per milligram of proteins, where a unit is the amount of enzyme which synthesizes 1 mol of carbamylaspartate per h.
The nucleotide solutions were adjusted to pH 8, and the ATCase activity was measured as described above but in the presence of 3 mM aspartate. Percent activation was calculated as follows: % activation ϭ (V a Ϫ V 0 /V 0 ) ϫ 100, where V a is the reaction rate in the presence of allosteric effector and V 0 is the reaction rate in its absence.
Hydrostatic-pressure assays. The influence of hydrostatic pressure on the stability of ATCase was determined by using a previously described high-pressure reactor (31) which allows injection, mixing, and sampling without release of pressure.
Sequence alignments and structural modeling. Sequence comparison was performed by using the GAP program from the Genetics Computer Group 8.1 software package (49) . Secondary structure was predicted by using the PHDsec program from the PredictProtein server (61) (62) (63) , and multiple alignments were performed by using the MaxHom.SSP program from the same server (64) . The Hydrophobic Cluster Analysis (HCA) program was used for analysis of hydrophobic clusters (20, 38) . Modeling of the tridimensional structure was performed by amino acid replacement and energy minimization with the Swiss-Model program of the ExPaSy server (55, 56) and the Insight II and Homology programs (Biosym Technologies Co.).
Nucleotide sequence accession number. The nucleotide and amino acid sequences of the insert of the pAT3 clone containing the P. abyssi pyrBI operon were assigned accession no. U61765.
RESULTS
Construction of a genomic library of P. abyssi. A genomic library of the GE5 strain of P. abyssi was obtained by ligating P. abyssi chromosomal DNA partially digested with Sau3A in the Lambda ZAP Express vector previously restricted with BamHI. The titer of the library was 10 10 PFU/ml. The sizes of the inserts ranged from 1 to 12 kb.
Molecular cloning in E. coli and identification of the pyrB and pyrI genes from P. abyssi. The gene coding for the ATCase in P. abyssi was cloned by screening the genomic library for complementation of a pyrB-deficient derivative of E. coli JM103. After in vivo excision of pBK-CMV phagemids containing inserts of P. abyssi DNA, JM103pyrB
Ϫ cells were infected at a multiplicity of infection of 50 (80) . Fourteen colonies were obtained after 2 days of incubation on plates of minimum medium supplemented with Casamino Acids and kanamycin. The thermal stability of the ATCase activity in cell extracts prepared from cultures of each of these candidates was investigated. It was found that after 10 min of incubation at 90°C, the activity was conserved up to 53 to 75%. Under similar conditions, E. coli ATCase was fully inactivated. This indicated that these clones code for a thermostable ATCase expressed in the E. coli host.
Two types of clones were obtained, differing by the size of the inserts: pAT1, with an insert of 6.8 kbp, and pAT3, with an insert of 2.3 kbp (Fig. 1a) . A restriction analysis of these clones showed that pAT1 contains an additional SacI fragment of 4.5 kbp situated downstream relative to the ATCase sequence present in pAT3.
The insert of pAT3 was recloned as a 2.3-kbp XbaI/PstI fragment into the Bluescript II KS ϩ vector. The resulting construction was designated pKSAT3 (Fig. 1b) . The P. abyssi origin of the pKSAT3 insert was verified by Southern hybridization.
Sequence of the P. abyssi ATCase gene. The sequence of the P. abyssi DNA insert contains a 924-bp ORF coding for a protein of 308 residues (calculated molecular mass, 34,879 Da) homologous to the catalytic chain of E. coli ATCase (Fig. 2) . This ORF was therefore designated pyrB. It is followed by a 456-bp ORF homologous to the pyrI gene of Enterobacteriaceae, which codes for the regulatory chain of ATCase from these microorganisms, and corresponding to a protein of 152 residues (calculated molecular mass, 16,947 Da). A particular feature of this archaeal pyrBI gene cluster is the absence of an intercistronic sequence between pyrB and pyrI, in contrast with all homologous enterobacterial operons.
In the pKSAT3 clone, the pyrBI gene cluster is flanked by 434 nucleotides upstream and 507 nucleotides downstream of it. The upstream region contains the C-terminal portion of a 377-bp ORF corresponding to 125 amino acids ( Fig. 2) , homologous to carbamylphosphate synthetases (CPSases). The region downstream from pyrBI contains the N-terminal region (67 residues) of an ORF which presents similarity with E. coli lipopolysaccharide heptosyltransferase 1.
Expression of the P. abyssi ATCase genes in E. coli. Complementation of the ATCase deficiency of E. coli cells by the corresponding genes from P. abyssi shows that these genes are expressed in a mesophilic eubacterial host. In rich medium containing uracil, the ATCase activity of cell extracts of the transgenic E. coli is 15 U ⅐ mg Ϫ1 of total protein, compared to 2.5 U ⅐ mg Ϫ1 in P. abyssi cell extracts. In minimal medium, the expression of the cloned genes is insensitive to added uracil at concentrations ranging from 4 to 50 mg ⅐ ml
Ϫ1
, which suggests that in E. coli, it is not regulated by uracil.
Codon usage in the P. abyssi pyrB and pyrI genes. Codon usage in the archaeal pyrB and pyrI genes is significantly different from that observed in the homologous E. coli genes (30, 66) . In particular, codons ATA (Ile), AAG (Lys), GAG (Glu), and AGG (Arg) are frequently used in the archaeal genes, while they are rarely used or even absent (AGG) in the E. coli pyrBI operon (a quantitative comparison is available on re- quest). This bias could present a problem for the overexpression of these P. abyssi genes in E. coli cells.
A characteristic of Archaea is a higher frequency of RNY codons (R ϭ purine, Y ϭ pyrimidine, N ϭ purine or pyrimidine) and G/non-G/N codons in the coding reading frame than in the ϩ1 and ϩ2 frames (5). This is also the case in the P. abyssi pyrB and pyrI genes.
Functional analysis of the pyrI-encoded protein. In order to investigate the role of the polypeptide coded by pyrI in P. abyssi, a 1.01-kbp CelII-SalI fragment was removed from the pKSAT3 clone, thereby eliminating the entire pyrI gene (Fig.  1 ). The protein encoded by the resulting pyrB subclone retained the ATCase activity. The potential involvement of the polypeptide encoded by pyrI in the allosteric regulation of this archaeal enzyme was investigated by comparing the influence of ATP, CTP, and UTP on the ATCase activity of dialyzed cell extracts of the pyrBI and pyrB clones (Fig. 3) . The PyrBI ATCase of P. abyssi cloned in E. coli presented a pattern of allosteric response similar to that of the native enzyme from P. abyssi at 37°C (59): both CTP and UTP had an inhibitory effect, whereas ATP stimulated the activity. In contrast, the P. abyssi ATCase encoded by the pyrB subclone was insensitive to any of these three nucleotide triphosphates up to a concentration of 1 mM. Thus, the regulation by the nucleotide effectors requires the polypeptide encoded by the pyrI gene, which therefore is a regulatory chain. This was the first instance of an ATCase regulatory chain being characterized outside the Enterobacteriaceae. (Another archaeal PyrBI ATCase has since been discovered in the thermophile Sulfolobus solfataricus [accession no. X 99872] [12a] .) However, the regulatory effects of the nucleotides are diminished when the archaeal enzyme is produced in E. coli. The maximal inhibition by CTP or UTP is 50% instead of 60% in the natural host (59) , and the activation by ATP is 80% instead of 350% at a concentration of 5 mM (Fig. 3) .
The cooperativity between catalytic sites for the utilization of aspartate is also reduced when P. abyssi ATCase is produced in E. coli (Hill number ϭ 1.6 instead of 2.2 [59] ). In the absence of regulatory chains, the P. abyssi ATCase did not exhibit cooperativity for binding of aspartate, indicating that, like in E. coli ATCase, this property requires the association of the catalytic and regulatory subunits.
Sequence comparison and analysis. (i) Nucleotide sequences. Comparison with 25 homologous genes shows that the P. abyssi pyrB and pyrI genes present the highest homology (59.4 and 58.7%, respectively) with the presumed homologous genes from the archaeon Methanococcus jannaschii (6) . With eubacterial and eukaryal ATCases, the highest identities for pyrB are obtained with the corresponding enterobacterial gene from Proteus vulgaris (54.7%) (11) , E. coli (54.2%) (11), Serratia marcescens (53.0%) (11) , Salmonella typhimurium (52.5%) (11) , and Erwinia herbicola (52.7%) (11), followed very closely by a large series of ATCase genes from eukaryotes comprising yeasts (S. cerevisiae, S. pombe) (41, 47) , plants (Arabidopsis thaliana, L. esculentum, Pisum sativum sp.) (48, 54, 79) , invertebrates (Dictyostelium discoideum, Caenorhabditis elegans) (18, 81) , and vertebrates (Squalus acanthias, Mesocricetus auratus, C. longicaudatus) (27, 42, 68) . The lowest identity of this archaeal pyrB gene is observed with the homologous gene from Drosophila melanogaster (38.2%) (19) .
Alignment of the pyrI genes, necessarily restricted to the enterobacterial and M. jannaschii genes, provides, in the first case, identities slightly lower than those obtained for the alignment of pyrB genes (49.2 to 51.1%), while in the latter case these identity values are very close.
(ii) Amino acid sequences. Pairwise alignment of the deduced amino acid sequences of the P. abyssi ATCase polypeptide chains showed that the catalytic chain of the P. abyssi ATCase presents the highest identity and similarity, respectively, with the putative ATCase catalytic polypeptide from M. jannaschii (57.9 and 75.8%) and then with those from P. vulgaris (55.4 A multiple alignment of the P. abyssi amino acid sequences of the catalytic and regulatory chains with the homologous chains of the enterobacterial ATCases (E. coli, S. marcescens, S. typhimurium, P. vulgaris, and E. herbicola) is shown in Fig. 4 . Catalytic-chain comparison (Fig. 4a) (Fig. 4b) . A total of 40% of the residues conserved in enterobacterial ATCase regulatory chains are replaced in P. abyssi. These values indicate a stronger conservation of the primary structure of the catalytic chain than of the regulatory chain.
(iii) Catalytic site. The most striking observation which emerges from the comparison of the ATCase catalytic chains of ATCases from 25 species is the complete conservation of the specific residues which were shown in E. coli to constitute the catalytic site (23, 44) . This conservation extends to P. abyssi ATCase (Fig. 4a) .
(iv) Regulatory site. In E. coli ATCase, the allosteric effectors ATP, CTP, and UTP bind competitively to the same regulatory sites (28, 29) . P. abyssi ATCase is regulated by the same nucleotides, although it is not known whether they bind to the same sites (59) . Figure 4b shows that most of the residues forming the nucleotide binding site in E. coli ATCase (70) abyssi. ATP binding implicates specifically two residues, Asp 19, which is conserved, and Leu 58, which is replaced by isoleucine in P. abyssi. Thus, these results suggest that in P. abyssi ATCase the three nucleotides bind to the same regulatory sites and that this binding involves basically the same residues as in the E. coli regulatory chain.
(v) Metal-binding cysteine residues. In enterobacterial ATCases, four cysteine residues are clustered in the C-terminal region of the regulatory chain. They bind a Zn atom whose presence is required for the association of the catalytic and regulatory subunits (24) . These cysteines are present at the same positions in the P. abyssi regulatory chain (Fig. 4b) , suggesting that this archaeal ATCase is also a metalloprotein.
Amino acid composition and thermostability. Previous work showed that ATCase from P. abyssi is highly thermostable compared to the homologous E. coli enzyme (59) . Structural studies of enzymes from thermophilic and hyperthermophilic microorganisms led to the proposal of several types of modification possibly responsible for the increased thermostability of proteins. These include additional ionic bonds; increased packing of hydrophobic cores resulting from the presence of bulkier hydrophobic residues; a decreased number of thermolabile residues such as tryptophan, glutamine, asparagine, and cysteine; and an increased number of proline residues (43) . Alpha-helices can be stabilized by the presence of charged residues in N-caps (50, 51, 60) . Several primary structure features of both catalytic and regulatory chains of the P. abyssi ATCase (Table 1 ) might contribute to its thermal stability. (i) Catalytic chain. The archaeal catalytic chain presents a significantly increased number of charged residues in comparison with the E. coli homologous chain (21 arginines, 24 lysines, and 31 glutamates instead of 15, 15, and 14, respectively). Examination of the hydrophobic residues shows that there are more valines (28 versus 22) and fewer alanines (20 versus 34) in the P. abyssi polypeptide than in the corresponding E. coli chain, indicating a difference in the hydrophobicity of this chain. The occurrences of thermolabile residues asparagine, glutamine, and tryptophan are considerably lower than in E. coli ATCase (5 versus 15, 8 versus 14, and 1 versus 2, respectively) .
(ii) Regulatory chain. Comparison of the P. abyssi and E. coli regulatory chains revealed a divergence similar to that observed for the catalytic chains. The numbers of glutamate and lysine charged residues are increased in the hyperthermophilic polypeptide (17 versus 10 and 16 versus 11, respectively), although the number of aspartate residues decreases by more than 50% (4 versus 9). Different numbers of valine (18 versus 12), glycine (10 versus 6), and serine (4 versus 11) residues were also observed, as well as the remarkable absence of glutamine (0 versus 6). In both catalytic and regulatory chains of P. abyssi and E. coli, the number of cysteines is constant (1 versus 1 and 4 versus 4, respectively) and the number of prolines is virtually unchanged (11 versus 12 and 6 versus 7, respectively).
HCA. An increased packing of the hydrophobic cores was also proposed as one of the possible causes of increased protein thermostability (21, 43) . The significant differences in the numbers and locations of the hydrophobic residues in the P. abyssi and E. coli proteins (Table 1 and Fig. 4) were analyzed by the HCA method (20, 38) . The results are shown in Fig. 5 .
(i) Catalytic chain. Analysis of the catalytic chain of P. abyssi revealed two hydrophobic clusters whose size and packing are increased with respect to E. coli. The first one comprises the region from positions 135 to 193 (substitutions Gln 1493Phe, Lys 1783Phe, Gly 1803Val, Arg 1833Leu, and Ala 1923Leu). The second region corresponds to the carboxyl end, starting at residue 285 (substitutions Ala 2893Val, Gly 2903Phe, Ala 2953Val, and Gln 2973Met). In addition, because of the absence in P. abyssi of residues 306 to 308 of the E. coli protein, the terminal valine and isoleucine residues become part of this hydrophobic cluster. In these two regions, changes in the nature of the hydrophobic residues are also observed. It is important that although these two regions are far apart in the primary structure of the catalytic chain, they are close to each other in the tridimensional structure and they both contribute to the formation of the catalytic site (33) .
(ii) Regulatory chain. In the regulatory chains, three regions showed changes in hydrophobicity: the vicinity of the regulatory site (insertion of Leu 35 and Lys 36 and Arg 413Leu), the loop which links the allosteric and the zinc domains (Arg 853Ile, Ser 953Phe, and Pro 973Val), and the stretch of residues between the two groups of cysteines coordinating the metal atom (Pro 1203Tyr, Ala 1263Tyr, and Arg 1283Ile). The pattern of hydrophobicity of the region from positions 51 to 79 (S3Ј and H2Ј in E. coli, where H refers to the alpha-helix and S refers to the ␤-strand) is conserved in spite of numerous substitutions.
Secondary structure prediction. The PHDsec program (61-63) provided a good prediction for the known secondary structure of the E. coli ATCase catalytic chain (PyrB) and was therefore used to predict the secondary structure of the catalytic chain of P. abyssi. These secondary structures are compared in Fig. 6 . They present very similar alpha-helix and ␤-strand organizations. However, a few differences are observed, such as a 4-amino-acid insertion in helix H1; the absence of strands S8, S10, and S11; and a rearrangement and shortening of the region H11-H12. A Pro3Glu substitution at the amino terminus of H9 might contribute to an increase in the thermal stability of P. abyssi ATCase through an N-cap interaction (50, 51) .
Because of the looser structural organization of the E. coli ATCase regulatory chain, the program gave a poor prediction of its secondary structure. Consequently, it was not used for the analysis of the P. abyssi PyrI chain.
Modeling of the tridimensional structure of the catalytic chain. The high degree of homology of the primary and secondary structures of the P. abyssi ATCase with that of the E. coli enzyme allowed modeling of the tridimensional structure of the archaeal enzyme on the basis of the known crystallographic structure of the E. coli protein. Figure 7 (top) shows the superposition of the structure obtained for the P. abyssi catalytic chain and the crystallographic structure of the E. coli protein. These two structures are closely related. In particular, the carbamylphosphate binding domain (left) and the aspartate binding domain (right) are present and similarly folded in the two proteins. However, several significant differences are observed. The three major changes concern the region of helix H1, the 80 loop in the carbamylphosphate binding domain, and the 240 loop in the aspartate binding domain. The first one is related to the 4-residue inser- a Arrows indicate the most significant changes in amino acid composition. ϩ and Ϫ, more or less abundant, respectively, in the P. abyssi polypeptide than in the E. coli polypeptide.
tion present in the P. abyssi enzyme (Fig. 4a ), which appears to alter the organization of H1. The other important differences are the rotations of the 80 and 240 loops. As a consequence of these reorientations, the charged residues Lys 80, Lys 227, and Arg 229 (residue numbers in the P. abyssi enzyme) are exposed to the solvent. Figure 7 (bottom) shows the localization of all the additional charged residues which are present only in the P. abyssi catalytic chain, relative to the E. coli protein. Strikingly, all these residues are located at the surface of the protein and point to the exterior of the catalytic chain. Therefore, they are potentially involved in the reinforcement of the interactions between chains and/or subunits in the quaternary structure of the P. abyssi ATCase.
In the case of the regulatory chain, the Swiss-Model program could not provide a valid modeling, again because of important differences in the secondary and tertiary structures of this type of chain in the P. abyssi and E. coli enzymes.
Conservation of the pairs of residues involved in inter-and intrachain interactions. The high degree of conservation of the primary and secondary structures between P. abyssi and E. coli ATCases and the modeling of the catalytic chain suggest that these two enzymes have comparable tridimensional structures. Therefore, the conservation in the P. abyssi enzyme of the pairs of residues whose side chains are involved in interactions between chains or between domains of these chains in E. coli ATCase (32, 40) was investigated. The results obtained are shown in Table 2 . Interestingly, 9 of 11 of the amino acid pairs involved in the interactions between the catalytic chains within a trimeric catalytic subunit in E. coli (c1-c2 interface) (70) are conserved in P. abyssi. All seven pairs of residues of the E. coli ATCase involved in the contact between catalytic chains belonging to different catalytic trimers in the T state (c1-c4 interface) (70) are also present in P. abyssi, while the two pairs of residues of this interface present in the R state are changed ( Table 2 ). The residues involved in these two types of interface are also shown in Fig. 4a . These conservations suggest similar arrangements of the catalytic chains and subunits in the two enzymes.
In contrast, there is virtually no conservation of the interactions between regulatory chains within the regulatory dimer (r1-r6 interface), in spite of 43.6% identity between the amino acid sequences of the regulatory chains of P. abyssi and E. coli, suggesting again a significant difference in the three-dimensional structures of the regulatory chains of these two organisms.
In E. coli ATCase, the interactions between the catalytic and regulatory subunits involve two types of interfaces. The r1-c1 interface links a regulatory chain to a catalytic chain of the catalytic trimer which belongs to the same half of the ATCase molecule. Of 11 pairs of amino acids involved in this interface, 9 are conserved in P. abyssi PyrB and PyrI chains. The second FIG. 5 . Comparison of the HCA plots of the catalytic and regulatory chains of P. abyssi and E. coli ATCases. The sequences are written on a classical alpha-helix (3.6 amino acids per turn) smoothed on a cylinder. To make the three-dimensional representation easier to handle, the cylinder is cut parallel to its axis and then spread out. Since some adjacent amino acids are now separated by the unfolding of the cylinder, their representation is duplicated to restore the full connectivity of each amino acid. Clusters of adjacent hydrophobic residues are then contoured and shaded: ૽, proline; }, glycine; j, serine; ᮀ, threonine.
type of interface, r1-c4, links a regulatory chain to a catalytic chain of the catalytic trimer which belongs to the other half of the E. coli ATCase molecule. Interestingly, in the P. abyssi enzyme, the amino acid pairs corresponding to this interface are much less conserved.
Good conservation of the pairs of amino acids forming the carbamylphosphate-aspartate interface of the E. coli catalytic chain is observed (8 of 11) (Table 2) . Again, a lower degree of conservation is observed in the regulatory chain of P. abyssi ATCase: of 12 pairs of residues involved in the allosteric domain-Zn domain interface in the E. coli enzyme, only 4 are conserved.
Thermostability and barostability of P. abyssi ATCase and its catalytic subunits produced in E. coli. P. abyssi ATCase is highly thermostable. Indeed, preincubation at 90°C of dialyzed cell extracts of P. abyssi for at least 6 h does not provoke any inactivation (59) . This thermostability was also investigated in dialyzed cell extracts of the recombinant E. coli mutant JM103pyrB
Ϫ containing the P. abyssi pyrBI or pyrB clones. These extracts were incubated at 90°C for 20 min, and the residual ATCase activity was measured at 37°C. The results are shown in Fig. 8 . The ATCase from P. abyssi cloned in E. coli retained activity, but its stability was lower than that in extracts of its native host. A 20-min incubation at 90°C partially inactivated this enzyme to 40% of its initial activity, and then the activity reached a plateau, remaining constant for at least 6 h (data not shown). Under the same conditions, the catalytic subunits from the P. abyssi pyrB clone preserved 60% of their activity. This thermostability is still remarkable, since under the same conditions the mesophilic E. coli ATCase was completely inactivated after 2 min (Fig. 8) .
P. abyssi is a deep-sea archaeon which thrives naturally under a hydrostatic pressure of 20 MPa, and it was shown previously that the ATCase from this organism is resistant to hydrostatic pressure up to at least 200 MPa (59) . Under the same conditions, the E. coli enzyme is inactivated very rapidly (unpublished data). The stability to hydrostatic pressure of the ATCase and catalytic subunits from P. abyssi cloned in E. coli was determined by incubation of dialyzed cell extracts for 10 min at increasing pressures followed by measurement of the ATCase activity at atmospheric pressure. As shown in Fig. 9a , pressure partially inactivated both these enzymes down to a plateau corresponding to about 30% of their initial activity. Under similar conditions, the E. coli ATCase was completely inactivated (26a). Thus, the enzyme cloned in E. coli exhibits a lower barostability than the native P. abyssi ATCase. Interestingly, when the extract containing P. abyssi ATCase previously incubated under pressures up to 300 MPa was further incubated at 90°C under atmospheric pressure, recovery of the initial activity was observed (Fig. 9b) . This activation did not occur in the case of the P. abyssi clone coding only for the catalytic subunits. The significance of this phenomenon will be investigated further.
DISCUSSION
The ATCase genes of the deep-sea hyperthermophilic archaeon P. abyssi were cloned, sequenced, and expressed in E. coli. This is the first characterization of an archaeal gene coding for this enzyme. Unexpectedly, in P. abyssi, ATCase is encoded by two genes, pyrB, coding for the catalytic chain, and pyrI, coding for a regulatory chain. These two genes are adjacent and might constitute an operon. Until recently, regulatory chains had been found only for enterobacterial ATCases and, possibly, in the archaeon M. jannaschii. However, in the latter organism, the ATCase genes are located at different sites on the chromosome (6) . Contrary to what is observed in enterobacterial pyrBI operons, P. abyssi does not possess an intercistronic region between pyrB and pyrI. This might be related to the existence of a translational coupling between pyrB and pyrI in P. abyssi. Recent data show that another archaeal ATCase from the extreme thermophile S. solfataricus is also coded for by a pyrB gene and a pyrI gene (accession no. X 99872 [12a] ).
The ATCase amino acid sequence shows a remarkably high degree of identity and similarity with the homologous enzymes from bacteria to mammals (47 to 58% identity; 65 to 76% similarity). The highest homology is found with M. jannaschii (particularly between the regulatory chains) and then with the Enterobacteriaceae, suggesting that these archaea and the Enterobacteriaceae are evolutionarily close. The regulatory chain shows more-extensive divergence with respect to that of E. coli and other Enterobacteriaceae than the catalytic chain. Unexpectedly, the P. abyssi sequence shows low homology with those of the thermophilic and hyperthermophilic eubacterial ATCases from T. aquaticus and Thermotoga maritima (73, 74) .
In the regulatory chain of P. abyssi, the four cysteine residues, which in E. coli are involved in the binding of a zinc atom, are conserved. This feature suggests that P. abyssi ATCase is also a metalloprotein. However, considering the very peculiar composition of the hydrothermal vent fluid, the coordinated metal might not be zinc in this case.
P. abyssi ATCase is very thermostable (59) . In comparison with the E. coli enzyme, it shows several structural features potentially related to its thermostability.
(i) It contains 34 additional charged residues, which might form an increased number of ionic bonds. The modeling showed that in the catalytic chain, all these additional charged residues are located at the surface of the protein and point to its exterior, which makes it very likely that they are involved in the interactions between chains and/or subunits.
(ii) It also contains 13 additional hydrophobic residues, and some others are replaced by bulkier residues. The HCA shows that these modifications increase the size and probably the packing of the hydrophobic clusters.
(iii) It presents a decreased number of thermolabile residues, Asn, Gln, and Trp (25 fewer).
The above observations suggest that the increased size and packing of the hydrophobic clusters would stabilize the cata- lytic monomer, while the numerous additional charged residues would instead be involved in the stabilization of the quaternary structure of the archaeal enzyme. When the P. abyssi ATCase operon was expressed in E. coli, the enzyme appeared to be significantly less thermostable and barostable than in its natural host. Furthermore, a reduction of cooperativity and allosteric effects was observed. Since such alterations were also observed during the different steps of purification of the native enzyme, these results suggest that in P. abyssi the ATCase might be stabilized in part by association with another cellular component. It was shown that in P. abyssi cell extracts the heat-labile metabolite carbamylphosphate is channelled from the catalytic sites of CPSase to those of ATCase, where it is used as a substrate (58) . A similar observation was made for Pyrococcus furiosus (37) . Therefore, the high degree of stability of P. abyssi ATCase in cell extracts of the same species might result in part from its transient association with CPSase and/or other enzymes of the pyrimidine pathway. Nevertheless, a modified folding of the protein when translated in the E. coli host is not excluded.
There is no information so far about the structural modifications which are able to increase the barostability of proteins, and it is not possible yet to speculate on the structural features which in the P. abyssi ATCase might be involved in this stabilization. In this regard, it will be interesting to compare the P. abyssi ATCase to that of P. furiosus, which lives at atmospheric pressure.
The prediction of the secondary structure of the P. abyssi catalytic chain showed a high level of similarity with that of the E. coli protein, with some differences located in the aspartate binding domain. All the alpha-helices are present, an observation which is corroborated by the predicted tridimensional structure.
In E. coli, the catalytic sites are located at the interfaces between two catalytic chains belonging to the same catalytic trimer (c1-c2 interfaces). In each catalytic site, residues Ser 80 and Lys 84 are contributed by one chain and the other residues are contributed by the adjacent chain (36) . Since all these residues are conserved in the P. abyssi ATCase, its catalytic site should also be at the interface between two catalytic chains. In addition, the pairs of residues which are involved in the interactions at the c1-c2 interface in E. coli are almost entirely conserved. Taken together, these observations indicate that in P. abyssi, the catalytic chains should be associated also into catalytically active trimers. The modeled three-dimensional structure of the catalytic chain of P. abyssi can be superimposed on the known crystallographic structure of the catalytic chain of E. coli ATCase (Fig. 8) , although there are significant differences in the 80 and 240 loops and in helix H1.
The amino acid pairs involved in the r1-c1 type of interface which in the E. coli ATCase contribute to the association of catalytic and regulatory subunits are almost entirely conserved in the P. abyssi enzyme (9 of 11), suggesting that this interface contributes to the establishment of the quaternary structure of this archaebacterial ATCase. Taken together, the similarities of the secondary and tridimensional structures and the conservation of the amino acid pairs involved in chain and subunit interactions strongly suggest that the two enzymes have a similar quaternary structure.
In E. coli ATCase, the transition from a T state to an R state with different affinities for aspartate is the basis for the cooperativity between catalytic sites for aspartate binding. The c1-c4 interface is severely disrupted during the T-to-R transition, and in R-state E. coli ATCase, the only remaining c1-c4 interactions involve four residues of the 240 loop of the catalytic chains (33) . These pairs of residues are substituted in the   FIG. 8 . Influence of temperature on the stability of the P. abyssi PyrBI and PyrB ATCases produced in E. coli. The different dialyzed cell extracts were incubated at 90°C for up to 20 min. Samples were taken, and their ATCase activity was measured at 37°C. Ç, P. abyssi PyrB (33 g at 16.7 mg/ml); E, P. abyssi PyrBI (39 g at 19.5 mg/ml); F, E. coli PyrBI (0.2 g at 0.1 mg/ml).
FIG. 9.
Influence of pressure on the stability of the P. abyssi PyrBI and PyrB ATCases produced in E. coli. (a) Each dialyzed cell extract (33 mg at 1.9 mg/ml for PyrBI and 35 mg at 2.1 mg/ml for PyrB) was incubated under increasing hydrostatic pressures. Increases of pressure occurred every 10 min. Samples were taken (578 g of PyrBI and 622 g of PyrB) at the end of each step, and their ATCase activity was immediately measured at atmospheric pressure and 37°C (Materials and Methods). (b) Extracts incubated as described above up to 300 MPa (57 g of PyrBI and 63 g of PyrB) were further incubated at 90°C for up to 30 min. Samples were taken, and their ATCase activity was measured at 37°C under standard conditions. Ç, P. abyssi PyrBI; F, P. abyssi PyrB. archaeal enzyme. These differences, as well as the different orientations of the 240 and 80 loops in the P. abyssi ATCase (Fig. 7) , might be related to the reduced cooperativity for aspartate binding exhibited by this enzyme. In addition, the different orientation of the 80 loop, whose residues interact with both substrates in the E. coli ATCase, might be related to the channeling of carbamylphosphate in the P. abyssi enzyme.
As far as the allosteric regulation is concerned, most of the amino acids which are involved in the binding of ATP, CTP, and UTP to the regulatory sites of E. coli ATCase (71) are conserved in the P. abyssi enzyme, which probably explains the sensitivity of this enzyme to the same effectors. However, the mechanisms of action seem different in the two enzymes.
(i) For E. coli and other enterobacterial ATCases, the mechanism of transmission of the regulatory signal of the activator ATP has been partially deciphered (9, 12, 72, 82, 83) . It involves well-defined interactions at the interfaces between the two domains of the regulatory chain (allosteric and zinc domains), as well as between the regulatory and the catalytic subunits (r1-c4). Since the residues involved in these interactions are poorly conserved in the P. abyssi ATCase, the ATP regulation might act through a different mechanism.
(ii) It was shown that in E. coli ATCase the synergy of action of the feedback inhibitors CTP and UTP is based on positive and negative cooperativity between the two regulatory sites of the regulatory dimers. This involves transmission of conformational signals through the r1-r6 type of interface (13, 14) . The lack of CTP-UTP synergy in P. abyssi ATCase might be related to the very poor conservation of the pairs of amino acids involved in this interface ( Table 2) .
The presence of a regulatory chain in the archaeal ATCase is remarkable, since so far it has been found only in the corresponding enterobacterial enzymes. In E. coli ATCase, the regulatory subunits are considerably less thermostable than the catalytic subunits (34) . Consequently, adaptation of ATCase containing regulatory chains to high temperatures should have required more-substantial modifications of the regulatory chains than of the catalytic chains. This interpretation is supported by the higher degree of divergence between the P. abyssi and enterobacterial ATCase regulatory chains than between the catalytic chains and by the very high degree of identity and similarity between the ATCase regulatory chains of the hyperthermophilic archaea P. abyssi and M. jannaschii. This stabilization of the regulatory chains might not have been compatible with the maintenance of the mechanisms of action of the allosteric effectors which operate in Enterobacteriaceae, and the adaptation of the ATCase feedback regulation to high temperatures might have led to the emergence of new mechanisms of action of the allosteric effectors in the P. abyssi enzyme.
